Background and aims Carpobrotus edulis invades coastal areas throughout the world, decreasing plant diversity and hampering restoration efforts by changing soil properties. Some of its effects on soils are known but there is a knowledge gap about the effects in rocky areas and micronutrients that we aimed to fill for dunes and rocky habitats with temperate-humid climate. Methods We compared invaded vs non-invaded paired plots in two dune and two rocky areas by measuring 18 variables in litter and 24 in soils (0-5 and 5-10 cm layers). Results Invasion effects increased with the accumulated alien necromass, decreased with soil depth and are substrate-dependent: soil pH, Al, Fe and P increased in dunes, while these variables and Mg, Cu and Zn decreased in rocky sites. Carpobrotus necromass is richer in Mg and Ca and poorer in Al, Co, Cu, Fe, Ni and Zn than native necromass.
Introduction
Carpobrotus edulis (L.) N.E.Br. (Hottentot fig or common ice plant), a succulent Aizoaceae plant native from South Africa (Campos et al. 2004) , and its hybrid Carpobrotus aff. acinaciformis (L.) L. Bolus have been introduced in many countries with ornamental purposes, as well as for dunes or slopes stabilization and for medical use (Campos et al. 2004; Malan and Notten 2006; Maltez-Mouro et al. 2010) . It is present in western USA (D'Antonio et al. 1993) , Northern Africa, West temperate Asia, South Central Pacific, Australia, New Zealand, Southern America (Delipetrou 2006) , and Mediterranean Europe (de la Peña et al. 2010) , the first record of C. edulis in Spain being in the NW coast, in Baiona in 1892 (Lázaro-Ibiza 1900) . Carpobrotus edulis colonizes dunes, cliffs and disturbed environments (Campos et al. 2004; D'Antonio et al. 1993; Maltez-Mouro et al. 2010) , including burnt areas (D'Antonio et al. 1993) . Nowadays both Carpobrotus species are widely considered highly invasive plants in coastal areas with Mediterranean and temperate humid climates throughout the world (Global-Invasive-Species-Database 2016; Vilà et al. 2006) .
Although sometimes disregarded, the study of how invasive plants affect soil properties is a highly important research topic because soils are the base of all terrestrial ecosystems. This research is particularly needed for C. edulis, which has been considered an ecosystem engineer (Conser and Connor 2009; Molinari et al. 2007) , as the changes it produces in abiotic properties [soil chemistry and water use (Molinari et al. 2007 )] impact other biota and benefit itself (Conser and Connor 2009) . Carpobrotus edulis has been proved to decrease germination, survival, reproduction and growth of native species (Conser and Connor 2009; de la Peña et al. 2010; , and by that decrease plant (Carta et al. 2004; Jucker et al. 2013; Vilà et al. 2006 ) and community net productivity (Maltez-Mouro et al. 2010) . Moreover, the structure of native plant communities in dunes changes towards the one associated to transition dunes (Santoro et al. 2012) . Both the shift produced in soil communities after the invasion (de la Peña et al. 2010 ) and the allelopathic compounds released by C. edulis necromass (Novoa et al. 2012) can facilitate the invasion. Changes in soil remain after C. edulis removal, hindering restoration (Novoa et al. 2013 ) and leading to secondary invasions by ruderal nitrophilous plants (Novoa et al. 2013; Santoro et al. 2012; Santoro et al. 2011) .
The most studied soil properties in C. edulis invaded areas have been organic matter, available P, salinity and humidity, which increase; as well as pH and inorganic N, which were differently affected depending on the invaded area (Conser and Connor 2009; Novoa et al. 2013; Vilà et al. 2006) . Less studied have been other macronutrients, for which increases (Ca, Na) or no significant changes (Mg) have been observed (Novoa et al. 2013) . As far as we know, the effect of C. edulis on micronutrients and trace element availability has not been studied until now, despite their importance for the soil-plant system derived from their role as essential nutrients or due to their toxicity above a given threshold (Williams and Fraústo da Silva 2000) . While Cr, I, Se, Si, V and W can also be essential for some organisms, the most widespread and important micronutrients, listed in a decreasing order of concentration in living organisms, are: Fe > Mn > Zn, B > Cu > > Co, Mo and Ni (Grusak et al. 2016; Hoppert 2011; Williams and Fraústo da Silva 2000) . As constituents of metalloenzymes and other proteins, these eight elements are essential in metabolic processes as respiration, photosynthesis or N 2 fixation (Grusak et al. 2016; Hoppert 2011; Williams and Fraústo da Silva 2000) , which play a key role even at the ecosystem level. On the other hand, plant and soil 13 C and 15 N isotopic signatures are a basic and powerful tool in environmental sciences as they provide valuable information on water, C and N cycles (Dawson et al. 2002; Robinson 2001) . Although these analyses have been used in studies of other invasive species Msanne et al. 2017) , and despite being C. edulis a facultative CAM species with a 13 C isotopic signature different from that of C-3 plants (Herrera 2009), we have not found references on C and N isotopic signatures in C. edulis invaded areas.
Habitat characteristics seem to condition the impact of C. edulis over soil properties, since induced changes of the invasive plant on some soil characteristics vary between sites (Molinari et al. 2007; , as it has also been reported for other invasive species (Vilà et al. 2006) . Poorer soils, with low content in nutrients and organic matter, appear to be more sensitive and where soil properties will change more Santoro et al. 2011) , and most studies of C. edulis effects on soil properties focus on dunes. However, the other frequently invaded habitats, coastal cliffs and rocky areas, have been less studied.
The aim of the present study was, therefore, to evaluate the effect of C. edulis invasion by comparing the necromass and topsoil (0-5 and 5-10 cm depth) characteristics in invaded and non-invaded dunes and rocky areas along the Atlantic coastline of NW Iberia. In soils, 24 variables were measured: WHC, humidity, pH, EC,
N, organic C, organic N, and available Al, B, Ca, Co, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, P and Zn. In necromass, the total content of the latter 16 elements was measured as well as their amounts on a surface basis and also the δ 
Material and methods
Site and sampling description Among 23 sites with well-established C. edulis populations (8 on dunes; 15 on rocks), two back dune and two rocky representative study sites of the areas invaded by C. edulis were selected across the Atlantic coastline of NW Iberia (Table 1) .
In September 2015, for each location, necromass and soil (0-5 and 5-10 cm depth) were separately sampled in 10 randomly distributed 15 × 15 cm squares under native vegetation and another 10 under C. edulis. Soil subsamples were mixed into a composite sample per site and depth and the same was done with the necromass. In the laboratory, necromass was dried at 55°C, weighted, triturated and homogenized. The soils were sieved (< 2 mm), homogenized and then divided into fresh subsamples, which were kept at 4°C for inorganic N measurements, and air-dried subsamples for the other analyses. Sub-samples of dried necromass and soils were finely ground (< 100 μm) for chemical analysis in a planetary ball mill (Retsch PM100, Germany, with cups and balls of zirconium oxide).
Soils and necromass analysis Soil water-holding capacity (WHC) was measured in a Richards' membraneplate extractor at a pressure of 10 kPa. Soil pH was measured in a 1:2.5 soil:solution ratio, both in water and 0.1 M KCl, with a pH-meter (Metröhm, Switzerland). Electrical conductivity (EC) was measured in soil extracts (1:5 soil:water ratio) with an EC meter (Metröhm, Switzerland). Soil humidity was determined by drying soil samples at 105°C for 5 h.
Total C and total N of soils and necromass, as well as their 13 C and 15 N isotopic signatures, were measured in ground samples with an elemental analyser (Carlo Erba, Milano, Italy) coupled on-line with an isotopic ratio mass spectrometer (Finnigan Mat, delta C, Bremen, Germany). In the back dune soils, organic C and organic δ 13 C were also determined after CaCO 3 removal with the 'capsule method' using 20% HCl (Brodie et al. 2011 ). An elemental reference material (Soil 3 from Eurovector, Milano, Italy) and isotopic standards [IAEA-CH-6 and IAEA-CH-7 (for δ Inorganic N species were extracted with 2 M KCl (1:5 soil:solution ratio). The mixture was shaken for 1 h and filtered through glass microfiber filters (Whatman GF/A, Ø 125 mm). Ammonium and nitrate were sequentially liberated with two consecutive microdiffusions (55°C, 72 h) from 50 mL aliquots placed in 500 mL glass jars, by adding respectively MgO (0.2 g) and MgO (0.2 g) plus Devarda's alloy (0.4 g). Both N forms were trapped as NH 3 into 10 mL of 0.004 M H 2 SO 4 in a Teflon bottle suspended in the glass jar. Measurement was made by back titration of the H 2 SO 4 excess with 0.004 M NaOH. Three blanks and three standards (NH 4 NO 3 ) were included in each batch to subtract N from reagents and to check for N recovery.
Soil available nutrients and trace elements (Al, B, Ca, Co, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, P and Zn) where extracted with a mixture of 1 M NH 4 Ac and 0.005 M DTPA (soil:solution ratio of 1:5). The mixture was shaken for 2 h, filtered through cellulose paper (FilterLaboratory 1242, Ø 90 mm) and analysed with a simultaneous ICP-OES (Varian Vista Pro, Mulgrave, were also included in each digestion batch to subtract elements from reagents and to check for element recovery. Once cooled, the solutions were filtered through quantitative filter paper (Filter-laboratory 1242, Ø 90-mm), transferred to 25 mL volumetric flasks, made to volume with water and analysed by ICP-OES as previously described for soils. Samples analyses were always done in duplicate (in triplicate for inorganic N analysis), and the mean was used for the statistical analysis.
Statistical analysis Due to the highly contrasting characteristics of soils from back dune and rocky habitats, the differences in soil properties between invaded (X inv ) and non-invaded (X nat ) sites were standardized by the value of the non-invaded site (X nat ), as:
and significant differences between the standardized variable (X stand ) and 0 where tested with a one-sample t-test. Data on necromass characteristics were analysed by the paired t-test. The normality assumption was tested in both cases with the Shapiro-Wilk test, and when not accepted, data were subjected to Cox-Box transformations or to the Tukey's ladder of powers. Statistically significant differences where established at P < 0.05. A Principal Component Analysis (PCA, based on the correlation matrix, to extract the factors, plus Varimax rotation with Kaiser normalization) was performed to assess the relationships among the studied variables, in soils and necromass separately, and whether samples are grouped together according to vegetation cover (native plants or C. edulis). The anti-image correlation matrix (comprising the negative values of the partial correlation coefficients) was analysed to detect and discard the variables less suitable for the factor analysis, aiming to improve the Kaiser-Meyer-Olkin measure of sampling adequacy and the Barlett's test of sphericity. The statistical package IBM SPSS Statistics 23 was used in all analysis.
Results
Soil characteristics Substrate seemed to determine the effect of C. edulis on soil pH, measured either in water or KCl, which increased around 0.6 units in invaded dune soils and decreased more than 1.1 units in invaded rocky soils (P < 0.05, Fig. 1 and ESM Table 1 ). Compared to soils under native vegetation, the NO 3 − -N content decreased by 60-74% in all invaded soils (P < 0.001, Fig. 1 and ESM Table 1 ), whilst the other SOM related variables (organic C, total N and NH 4 + -N) decreased by 34-39% in dune soils (P < 0.01) but not in soils over rocks, where NH 4 + -N even increased (P = 0.057, Fig. 1 and ESM Table 1 ). Regarding nutrients and trace elements, C. edulis invasion led to a decrease in available Co (−55 to −95%, significant only in dune soils), as well as in Mg, Cu and Zn (−35 to −54%, significant only in soils over rocks) ( Fig. 1 and ESM Table 1 ). Depending on the substrate, C. edulis invasion had significant contrasting effects on available B (+14% in invaded dunes; −15% in invaded rocks) and Fe (−45% in invaded dunes; +45% in invaded rocks). Besides, C. edulis invaded soils over rocks became depleted in Na (−12%) and enriched in Ni (+51%). We found no significant differences between C. edulis soils and native vegetation soils in WHC, humidity at sampling, EC, δ 15 N, δ 13 C organic , C/N ratio, and available Al, Ca, K, Mn, Mo and P.
The best PCA with soil properties (KMO measure of sampling adequacy = 0.754; Bartlett's test of sphericity P < 0.001) included pH H2O , EC, WHC, total N, NH 4 + -N, organic C and available Al, B, Fe, K, Mg, Mo and P concentrations (ESM Table 2 ). This PCA extracted two factors that jointly explained 86% of the variance (76.3% by Factor 1 and 9.9% by Factor 2). Factor 1 was mostly determined by total N, organic C, WHC, and available B, K and Mg, with factor loadings higher than +0.71. The positive arm of Factor 2 was mostly determined by available Al, Fe, Mo and P with factor loadings higher than +0.76, and to a lesser extent by EC and NH 4 + -N (factor loadings of +0.69 and +0.67, respectively), whilst pH H20 (−0.837) was the only variable in the negative arm. The plane of these two factors discriminated the samples according to substrate, plant cover and depth ( Fig. 2) : a) soils from rocky areas and from dunes formed two differentiated groups in the graph, and wider differences between invaded and non-invaded soils were found for rocky areas; b) in rocky areas, invaded soils showed lower loadings on Factor 1 and higher loadings in Factor 2 than noninvaded ones; c) invaded dune soils showed also lower loadings on Factor 1 (except for the Moledo topsoil) but lower loadings in Factor 2 than non-invaded ones; and d) for each sampling site and vegetation, soils from 0 to 5 cm showed higher loading in Factor 1, except Pragueira soil, and bigger effects of C. edulis were found in the topsoil. Several elements were significantly correlated with soil pH, either positively (available Ca) or negatively + and available Al, Fe, K, Mo, Na, Ni and P) ( Table 2) .
Necromass characteristics After C. edulis invasion, an alien litter layer was deposited over the native litter layer leading to an average necromass accumulation under C. edulis in dunes and rocky areas two and four times higher respectively (P < 0.05, Fig. 1 and ESM Table 1 ) than under native vegetation. Both the amount of necromass and its C content showed a significant strong negative correlation with soil pH (r = −0.739 and −0.808, respectively; P < 0.01).
In the necromass of the invaded areas, the concentration of Al (P = 0.052), Fe and Cu were significantly lower than in native necromass, while that of B, Ca and Na were higher (Fig. 3) ; levels of K were also higher in necromass from invaded rocky habitats, although lower in dunes (ESM Table 3 ).
When expressed as amount of nutrients per surface unit (ESM Table 4 ), compared to non-invaded areas, necromass under C. edulis accumulated significantly more B in back dunes, more Al and Na in rocky habitats and more Ca and Mn in both habitats, these differences being completely explained by the higher necromass amount. No significant differences were found for the other studied elements.
The best PCA with necromass properties (KMO = 0.614; Bartlett's test of sphericity P < 0.01) included the concentrations of Al, Co, Cu, Fe, Mg, Ni and Zn (ESM Table 5 ). This PCA extracted two factors that jointly explained 83% of the variance (66.3% and 16.9%, respectively, by Factor 1 and 2). Factor 1 was determined by all trace elements considered, with factor loadings higher than +0.70, whereas Factor 2 was determined by Mg and to a lesser extent by Co and Cu (factor loadings of +0.99, −0.42 and −0.42, respectively). The plane of these two factors discriminate the samples according to both substrate and plant cover (Fig. 4: a) except native necromass in Nariga site, necromass over rocky substrates have positive loadings on Factor 2 while those over dunes have ever negative loadings; and b) in all cases, necromass from invaded sites had more negative loadings on Factor 1 and (except for Moledo site) more positive loadings on Factor 2 than native necromass.
Discussion
Soil acidification, as we found in rocky habitats, is the most usually reported effect of C. edulis invasion in soil pH (Badalamenti et al. 2016; Conser and Connor 2009;  Molinari et al. 2007; Novoa et al. 2013; Santoro et al. 2011; Vilà et al. 2006; Winsemius 2013) . Conversely, to our knowledge, an increase of soil pH as that we observed in invaded dunes has only been reported in a burnt area .
The habitat dependent effect of C. edulis invasion on soil pH we found, as well as the relationship between acidification and accumulated necromass, agree with the results of Molinari et al. (2007) . In invaded rocky locations, where pH decreases, the accumulated necromass largely quadruplicate that in invaded dunes, where pH increases, leading to strong negative correlations of soil pH with the necromass quantity and its C content. These relationships were likely due to the higher production of organic acids by C. edulis Santoro et al. 2011) .
Soil pH increase in our studied invaded dune environments could be related to the deposition of Ca from sea spray on plants (Schlesinger and Hasey 1980) . However, taking into account the distances to the sea and the altitudes above sea level (Table 1) , differences in Ca deposition from sea spray between our dune and rocky sites are not expectable. A more likely explanation for the pH increase in invaded dune soils could be a higher Ca uptake from deeper soil layers by C. edulis than by the native vegetation and, therefore, greater necromass-Ca inputs to the invaded dune topsoils. In fact, Ca content of C. edulis necromass in dunes was 4.5 times higher compared to native necromass in dunes and 2 times higher than invaded rocky areas. Moreover, a positive correlation was found in soils between available Ca increase and pH. These results agreed with the correlation between the content of basic cations in residues additions and the increase in soil pH (Pocknee and Sumner 1997; Tang and Yu 1999) . As dune soils tend to acidify over the years (Anwar-Maun 2009), C. edulis invasion seemed to have an opposing effect in pH than natural succession. Conversely, in rocky sites natural acidification seemed to be accelerated in C. edulis invaded soils, as also was found in other studies for dunes (Conser and Connor 2009) . Changes in pH due to C. edulis invasion could therefore lead to long-term effects at an ecosystem level, acting by this as an ecosystem engineer (Levin and Crooks 2011) .
Most studies showed an increase in organic matter content in soils invaded by C. edulis (Novoa et al. 2013; Santoro et al. 2011; Vilà et al. 2006 ). However, in dunes, despite an increase in necromass amount, organic C and N significantly decreased in invaded soil, what could be related to a reduction in the activity of microbial decomposer due to the higher content in antibacterial compounds (van der Watt and Pretorius 2001). As high C/N ratios also reduce OM mineralization (Packham et al. 2001) , another explanation of our result could be the higher C/N of C. edulis necromass than that of native necromass (61 vs. 38), also found by Badalamenti et al. (2016) . Unfortunately, neither the 13 C nor the 15 N isotopic signatures in our soils and plants provide useful information to clarify the C and N dynamics in the invaded soil-plant system. The lack of significant differences in the soil and plant 13 C natural abundances of the invaded plots was likely due to the low contribution of CAM-fixed CO 2 to total C fixation in C. edulis (around 3%; (Herrera 2009)); in the case of 15 N isotopic signatures, the lack of significant differences was probably caused by the high data variability. The decrease in dune soils of both NH 4 + -N and NO 3 − -N seems to derive from the decrease in organic matter in invaded soils. In other studies, the effect of C. edulis on soil NH 4 + -N and NO 3 − -N largely varied within sites (Novoa et al. 2013; , and the same goes with NH 4 + -N Table 2 Pearson Correlation values and significance (* P < 0.05; ** P < 0.01; *** P < 0.001; n = 16) between soil pH and accumulated necromass and the analyzed soil properties pH H2O pH significant differences (paired t-test; P < 0.05) within type of vegetation. For Al, the significance (P = 0.052) was close to the considered threshold Fig. 4 Score plots from the principal component analyses (PCA) performed with necromass data for each habitat type and deepness. Key: Moledo (M), Nariga (N), Pragueira (P) and Sálvora (S) sites when dunes and rocky areas were compared. The decrease in soil total N and organic C produced by the invasion of dunes contrasts with the accumulation of this nutrient that is produced by natural succession in dunes (Anwar-Maun 2009; Jones et al. 2008 ) and is likely due to the accumulation of undecomposed alien necromass over the soil surface we found. While ideal soil pH for nitrification is around 7.5-8.0 (Prosser 1990) , optimum pH for indigenous nitrifying communities has been suggested to be near soil pH (Bramley and White 1990) . Consequently, the decrease in NO 3 − -N in invaded rocky soils could be due to the reduction in nitrifying activity because of soil acidification triggered by C. edulis, leading to an accumulation of NH 4 + -N in invaded soils (P = 0.057). The effect of C. edulis in soil pH has been considered the cause of variations in the soil availability of several nutrients, including Ca decrease (Conser and Connor 2009; Molinari et al. 2007 ) and N decrease (Conser and Connor 2009) . However, as far as we know, no studies have been made on its effect on micronutrients availability despite their dependency on pH (Fageria et al. 2002) . As a rule, the availability of B, Cu, Fe, Mn and Zn usually decreases, and Mo increases as soil pH increases; Ni availability is usually higher in acidic than in alkaline soils and Co availability decrease with extreme soil pH (Fageria et al. 2002) .
Some of the studied elements that were found to be highly correlated with soil pH showed opposed variations in dunes and rocky coasts, likely as a result of the habitat-dependent effect of C. edulis in soil pH. Thereby, soil Fe availability, which was negatively correlated with pH, significantly decreased in invaded dune soils and increased in the invaded rocky environments. Other elements which were also negatively correlated (P < 0.005) with soil pH -available Al, K, Ni and Pshowed similar trends in invaded areas (decrease in dunes and increase in rocks), although the changes were not statistically significant. The correlation of soil available K with pH is reflected in the K content of necromass from invaded areas that is lower in dunes and higher in rocky sites. This was corroborated by the soil PCA, where invaded soils in dunes and rocky sites showed contrasting tendencies along Factor 2 (with high positive loadings of Al, Fe, and P) compared to noninvaded soils. The effect of C. edulis on soil available B does not correspond to the expected effect of pH, but care must be taken when interpreting these results because B levels were very low in all cases and close to the detection limits.
In dunes, soil pH under natural vegetation (mean value 7.15) falls within the optimum range for nutrient availability [6.5-7.5; (Jensen 2010) ] and in C. edulis invaded areas (mean value 7.74) it remains close to this range. This small change seemed enough to significantly decrease Co availability by more than one order of magnitude, but had no significant effects on Cu, Mg and Zn availability which also tended to decrease. The strong decrease of Co availability [very sensitive to high pH; (Macías-Vázquez and Calvo-de-Anta 2009)], could lead to a deficiency of this essential trace element with a broad range of biological functions (Kamnev et al. 2002) , including key steps in protein synthesis (Williams and Fraústo da Silva 2000) , N 2 fixation by Azotobacter and nitrate reductase activity, crucial for microbial NO 3 − -N assimilation (Nicholas et al. 1962) . Conversely, in rocky areas, where soil pH (6.14) under natural vegetation was already below the optimum range, the acidification triggered by C. edulis invasion (down to pH 4.97) was strong enough to significantly decrease Cu, Mg and Zn availability. If these elements become limiting to living organisms (necromass-Cu already decreased in invaded areas), their metabolic processes could be seriously affected as these nutrients play crucial roles in protein synthesis and stabilization (Mg, Zn), N metabolism (Zn), as well as redox reactions and energy transfer (Cu, Zn) (Williams and Fraústo da Silva 2000) .
As a result of its opposite effect on the soil pH in dunes and rocky sites, C. edulis induces different changes in nutrients availability in both types of habitats. Consequently, C. edulis affects in different ways native plant species depending on the habitat, and even alters natural succession patterns differently. The invaded site initial characteristics can, therefore, condition the invasion effects on soil properties. Further studies on the relation between ecosystem characteristics and the effect of C. edulis in soils would be useful to foresee the invasion effects on soil properties and consequently being able to adapt restoration methods to the different environments.
In opposition to what Novoa et al. (2013) and Molinari et al. (2007) found in invaded soils, but coinciding with Winsemius (2013) results, available Na significantly decreases in soils of rocky sites, despite its increase in necromass. Sodium inputs in soils of humid regions are mainly from marine sources (Schlesinger and Hasey 1980) . Salt accumulation in C. edulis tissue could be a salt-tolerance adaptation of this species, similar to that found in other species of the same Family as Mesembryanthemum crystallinum L. and Carpobrotus chilensis (Molina) N.E. Br. (Agarie et al. 2007; Delnavaz Hashemloian et al. 2010; Weber and D'Antonio 1999) .
The best PCA with soil properties showed a bigger effect of C. edulis in the more nutrient rich rocky areas than in back dunes, contrarily to other studies which found larger effects on the poorer foredune than in back dune soils Santoro et al. 2011) . The much higher accumulation of necromass in the studied rocky areas, which could be derived from the higher mean duration of the invasion in the studied rocky sites, could explain that these soils are more affected by C. edulis. This PCA also indicated that the most affected soil layer was the uppermost (0-5 cm), presumably through the effect of necromass; being the only significant effect on the 5-10 cm soil layer the decrease in NO 3 − -N (probably because of its high mobility with water). Irrespectively of the changes induced by C. edulis in soil pH (acidification in rocks, alkalinisation in dunes), the PCA that better differentiates native and invader necromass showed that C. edulis tends to have lower concentration of most trace elements in its tissues (Al, Mo, Ni, Fe and Cu; differences significant for the two latter), but higher concentration of Mg (except for Moledo site). Besides, compared to native necromass, the results indicated that C. edulis necromass has significantly more Ca and B. Moreover, C. edulis also tends to have less P and more Mn. Taking into account the strong soil acidification triggered by C. edulis in the rocky sites, its surprising ability to keep low the tissues levels of Al (potentially deleterious) while being able to uptake more key macronutrients (Mg, Ca) than native vegetation may be a decisive competitive advantage. Our results also showed a lower necromass content on P and some micronutrients that are key for plant metabolism and growth as Co, Cu, Fe, Ni and Zn; which could be due to a lower requirement of these nutrients by C. edulis or, as indicated for other species (Brant and Chen 2015) , to a higher resorption of them from senescent tissues induced by their lower availability in soils. Both explanations suggest a competitive advantage of C. edulis over native vegetation in nutrient poor soils, although more research on this topic is needed.
Conclusions
Our results showed that the effect of C. edulis on soil properties was higher in rocky sites (where more alien necromass was found) and in the uppermost soil layer studied, suggesting that the invasion mostly affects soil characteristics through necromass production. This fact, together with the strong relationship between alien necromass accretion and soil pH, suggest that the amount of necromass accumulated is one of the main drivers of both the intensity and the type of the effects of C. edulis over soil properties. Thus, restoration of invaded ecosystems with C. edulis should be preferentially done in the first stages of the invasion, when soil effect would be lighter, and should include the elimination of necromass to avoid legacy effects on soil.
The differences in necromass characteristics from invaded and non-invaded areas could be reflecting some competitive advantages related to the physiology of this invasive plant, such as a restriction of Al uptake, higher macronutrient uptake and less requirements (or higher resorption from senescent tissues) of micronutrients. Therefore, to better understand the invasive potential of C. edulis, further research on these topics would be useful.
